In adult organisms, Gax is expressed in cardiovascular tissues including heart, lung, and the medial smooth muscle cells of arteries (7) , and embryonic expression was detected in all 3 muscle lineages (cardiac, smooth, and skeletal muscle) (10) . Gax overlaps in its expression pattern with myocyte-specific enhancer factor 2 (MEF2), which is a known regulator of gene transcription in all muscle types (11, 12) . MEF2 transactivates the gax promoter (13) , suggesting that MEF2 may participate in the regulation of Gax expression during embryogenesis. Taken together, these observations suggest that Gax might play a role in regulating muscle differentiation and the responses of these myocytes to proliferative signals (6, 7) . Recently, the antiproliferative effects of Gax overexpression have been documented in VSMCs and fibroblasts (14) . The upregulation of the general cyclin-dependent kinase (cdk) inhibitor p21 is essential for growth arrest by Gax.
Proliferation of VSMCs is generally regarded as a key event in the development of atherosclerosis and restenosis after balloon angioplasty (15, 16) , and the migration of proliferating VSMCs from the medial to Homeobox transcription factors specify body plan by regulating differentiation, proliferation, and migration at a cellular level. The homeobox transcription factor Gax is expressed in quiescent vascular smooth muscle cells (VSMCs), and its expression is downregulated by vascular injury or other conditions that lead to VSMC proliferation. Previous investigations demonstrate that Gax may regulate VSMC proliferation by upregulating the cyclin-dependent kinase (cdk) inhibitor p21. Here we examined whether Gax influences VSMC migration, a key feature in the development of stenotic lesions after balloon injury. Transduction of a Gax cDNA inhibited the migratory response of VSMCs toward PDGF-BB, basic fibroblast growth factor, or hepatocyte growth factor/scatter factor. Gax expression also inhibited migration of NIH⋅3T3 fibroblasts and embryonic fibroblasts lacking p53. Gax was unable to inhibit the migration of fibroblasts lacking p21, but this effect could be restored in these cells by providing exogenous p21 or by overexpressing another cdk inhibitor, p16. Flow cytometric analysis implicated a Gax-mediated downregulation of α v β 3 and α v β 5 integrin expression in VSMCs as a potential cause for reduced cell motility. Gax specifically downregulated β 3 and β 5 in VSMCs in culture and after acute vascular injury in vivo. Repression of integrin expression was also found in NIH 3T3 cells and p53 knockout fibroblasts, but not in p21-knockout fibroblasts, unless these cells express exogenous p21 or p16. These data suggest that cycle progression, integrin expression, and cell migration can be regulated in VSMCs by the homeobox gene product Gax.
the luminal side of the vessel is an important mechanism in intimal thickening (17) . The chemotactic growth factors PDGF (18, 19) and basic fibroblast growth factor (bFGF) (20, 21) are likely to direct VSMC migration, and the local extracellular matrix (ECM) environment may provide an additional level of motility regulation (22) (23) (24) (25) . Integrin cell-surface receptors serve as a link between ECM and the cytoskeleton (26) , and both adhesion and migration can be regulated by altering integrin expression patterns (27) (28) (29) (30) (31) . Whereas these exogenous regulators of cell migration are relatively well described, little is known about the nuclear proteins that function to coordinate cell growth and motility.
In this study, transduction of the gax gene with a replication-defective adenoviral vector in VSMCs led to a marked decrease in cell motility on extracellular matrix proteins in vitro. This decrease was dose dependent and was independent of either chemotactic growth factor or receptor expression. Cell-cycle arrest appeared important for the antimigratory activity of Gax, as Gax overexpression had no effect on migration of cells lacking the cdk inhibitor p21 (p21 -/-cells). Furthermore, the antimigratory effect of Gax could be restored in p21 -/-cells when cell-cycle arrest was induced by coexpression with exogenous p21 or the cdk inhibitor, p16. However, overexpression of p21 or p16 alone did not influence cell migration. These data suggest that cell-cycle arrest is required in Gax-induced inhibition of cell migration, but inhibition of cell cycle by itself is not sufficient to suppress migration. Overexpression of Gax led to a downregulation of the integrins α v β 3 and α v β 5 through the specific suppression of β 3 and β 5 subunits in vitro and in vivo. In parallel with its effects on migration, Gax-induced integrin downregulation did not occur in p21 -/-cells unless cell-cycle arrest was induced by coexpression with p21 or p16. These data suggest that Gax can function to coordinate cell growth and motility through its ability to regulate integrin expression in a cell cycle-dependent manner.
Methods
Cell culture and reagents. Rat primary VSMCs were obtained by enzymatic digestion of the media from the thoracic aorta of male Sprague-Dawley rats as described previously (32) , maintained in high-glucose DMEM (GIBCO BRL, Gaithersburg, Maryland, USA) containing 100 U/mL penicillin G, 100 U/mL of streptomycin sulfate (GIBCO BRL), and 15% FBS (GIBCO BRL) and used before passage 10. Before use, primary smooth muscle cell cultures were stained with an mAb to smooth muscle α-actin (Sigma Chemical Co., St. Louis, Missouri, USA) to verify homogeneity. Human VSMCs were derived from unused saphenous vein segments excised at the time of coronary bypass surgery at St. Elizabeth's Medical Center (33) . Mouse embryonic fibroblasts (MEFs) with either wild-type p21 allele ( +/+ ) or a homozygous disruption ( -/-) (34) were maintained in DMEM with penicillin/streptomycin and 10% FBS.
MEFs with a homozygous deletion of the p53 allele (35) and BALB/c NIH 3T3 cells obtained from the American Type Culture Collection (Rockville, Maryland, USA) were maintained in DMEM with penicillin/streptomycin and 10% FBS. Synchronous populations of cells were obtained by maintaining cultures in low-serum media (0.5% FBS) for 48 hours. Viral transduction was conducted in VSMCs using mitogendeprived quiescent cultures in fresh low-mitogen medium containing 0.5% FBS. Fibroblast cells were not mitogen-deprived before viral transduction. Polymerized and monomer collagen was prepared as described previously (36) . PDGF-BB and bFGF were purchased from Genzyme Corp. (Cambridge, Massachusetts, USA); hepatocyte growth factor/scatter factor (HGF/SF) was purchased from Genentech (South Francisco, California, USA).
Adenoviral infection in vitro. Rat VSMCs were plated at approximately 10% confluence in 6-well tissue culture dishes in DMEM containing 15% FBS overnight. Cultures were made quiescent by incubation for 2 days in DMEM containing 0.5% FBS. Cells from 1 well were harvested by trypsinization, and the cell number per well was determined by counting with a hemacytometer. Viral dilutions were prepared from purified viral stocks in DMEM containing 0.5% FBS and infections were conducted in 0.5 mL/well for 24 hours. At the end of the infection period, the virus containing medium was removed, the cultures were washed with PBS, and fresh DMEM containing 0.5% FBS was added. Preparation of replication-defective adenoviral constructs encoding either the rat gax gene (Ad-gax) (14) , the human p16 (Ad-p16) or p21 gene (Ad-p21) (37, 38) , or the Escherichia coli β-galactosidase gene (Ad-βgal) (39) were described previously.
Cell-viability assay. For evaluation of cell viability, the colorimetric 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)2H-tetrazolium (MTS) assay with the electron coupling reagent phenazine methosulfate (PMS) was performed (CellTiter 96 AQ; Promega Corp., Madison, Wisconsin, USA) (40) . Cells were seeded in a 96-well plate (5 × 10 4 cells per well) in 0.1 mL serum-supplemented medium and allowed to attach overnight. Cells were made quiescent for 48 hours in low-serum medium and infected with adenovirus (300 moi) as already described here. At 12 hours after virus removal, 20 µL of a MTS/PMS mixture was added per well and allowed to incubate for 1 hour at 37°C before measuring the absorbance at 490 nm in an ELISA plate reader. Background absorbance was subtracted, and 7 wells were performed in parallel for each condition.
Cell-migration assay. Cell-migration assays were performed using a 48-well microchemotaxis chamber (Neuroprobe Inc., Cabin John, Maryland, USA) (41) . For some experiments, 2 chemotaxis chambers were used in parallel. Polyvinylpyrrolidone-free polycarbonate filters with a pore size of 8 µm (Nuclepore Corp., Cambridge, Massachusetts, USA) were coated with a mixture of 100 µg/mL type I collagen and 10 µg/mL vitronectin (19, 31, (42) (43) (44) for at least 6 hours at room temperature and dried under sterile air (similar results for VSMC migration were obtained when coating the filters with 0.1% gelatin). Test substances were diluted to appropriate concentrations in DMEM supplemented with 1% FBS, and 25 µL of the final dilution was placed in the lower chamber of the modified Boyden apparatus. Subconfluent rat VSMC or fibroblast cultures were washed with calcium-and magnesium-free PBS and detached by incubation with 0.5% EDTA for 30 minutes at 37°C and careful pipetting. Removal of cells in clumps was excluded by microscopy. After collecting the cells by centrifugation at 1,000 g for 3 minutes and placement of the filter, 2.5 × 10 5 cells suspended in 50 µL DMEM containing 1% FBS were seeded in the upper compartment and the apparatus was incubated for 5 hours at 37°C in a humidified chamber with 5% CO 2 to allow cell migration. After the incubation period, the filter was removed and the upper side of the filter was scraped with a rubber policeman to remove nonmigrating cells. The filters were fixed with methanol and stained with a Giemsa solution (Diff-Quick; Baxter Healthcare Corp., Deerfield, Illinois, USA). Migration was quantified by counting cells of 3 random high-power fields (×100) in each well, and all conditions were evaluated in quadruplicate.
Cell-adhesion assay. To simulate the chemotaxis conditions, a mixture of adhesive substrates, as already described here, was used to coat the wells of a 96-well plate (Costar, Cambridge, Massachusetts, USA) for 6 hours at room temperature. Excess liquid was removed, and the wells were allowed to dry for 4 hours. Wells were then rinsed with PBS, and nonspecific binding sites were blocked by the addition of 10 mg/mL BSA in PBS for 1 hour at 37°C. VSMCs prepared as described for the cell-migration assay were washed with 10% FBS-DMEM. After centrifugation and resuspension in DMEM supplemented with 1 mg/mL BSA, cell number was determined by counting with a hemacytometer, and 3.0 × 10 5 cells were plated per well. The plates were incubated at 37°C to allow cells to adhere. After 60 minutes, each well was rinsed with PBS and the cells were fixed with methanol and stained with Giemsa solution (Diff-Quick) and quantified in a microtiter plate reader at 595 nm. Each test group was performed in quadruplicate.
Radioligand binding assay. Radioiodinated PDGF-B was purchased from DuPont NEN (NEN Life Science Prod- Effect of gax gene dosage on VSMC migration using increasing moi's. Migratory response of untreated (no virus applied), Ad-βgal-transduced (300 moi), or Ad-gax-transduced (30, 100, and 300 moi) rat VSMCs toward PDGF-BB (10 ng/mL). The experiment was done as described in Figure 1 . *P < 0.01 versus Ad-βgal-transduced cells. There was no statistically significant difference between untreated and Ad-βgal-transduced cells. Bars show mean ± SEM. ucts, Inc., Boston, Massachusetts, USA). For binding assays, VSMCs were plated in 24-well plates (2 × 10 4 cells/cm 2 ) and allowed to attach overnight. After 48 hours of serum starvation, cells were transduced with Ad-gax or Ad-βgal for 24 hours as already described here. Twelve hours after adding fresh medium containing 0.5% FBS, VSMCs were chilled on ice, washed twice with ice-cold PBS/1% FBS, and incubated in icecold binding buffer (DMEM, 1% FBS, 25 mM HEPES). For Scatchard analysis, 25-800 pM [ 125 I]PDGF was added to the binding buffer for 2 hours at 4°C on an orbital shaker. The binding medium was removed, and VSMCs were washed and lysed in PBS containing 1% Triton-X 100. Lysates were counted using a Beckman Gamma 5500B counter (Beckman Coulter Inc., Fullerton, California, USA). Triplicate samples of each condition were obtained. Nonspecific binding was determined by competition with a 200-fold molar excess of nonradiolabeled PDGF-BB.
Flow cytometric analysis of integrin expression. VSMCs were harvested with Dulbecco's phosphate buffered saline (D-PBS) containing 0.5% EDTA for 30 minutes. Detached cells were gently collected, washed with PBS containing 10% FBS, and aliquoted in 50-µL volumes (5 × 10 5 cells), and the specific primary murine antibody or mouse control IgG was added to the cell suspension for 45 minutes on ice. After washing, secondary polyclonal anti-mouse antibody was added for 30 minutes on ice in the dark. Cells were fixed in 250 µL 1% paraformaldehyde in PBS, and fluorescence intensity was measured using a FaxScan flow cytometer (FACS; Becton Dickinson and Co., Franklin Lakes, New Jersey, USA) with Lysis II software (Becton Dickinson and Co., Franklin Lakes, New Jersey, USA). The IgG 1 isotypic control α 1 and β 1 mAb's were purchased from Immunotech (Marseille, France); α v β 3 (clone LM609) and α v β 5 (clone P1F6), from Chemicon Inc. (Temecula, California, USA).
Immunohistochemical analysis of integrin expression in vivo. Male Sprague-Dawley rats (400-500 g) were anesthetized with an intraperitoneal injection of sodium pentobarbital (45 mg/kg; Abbott Laboratories, Abbott Park, Illinois, USA), and both carotid arteries were exposed through midline incision and injured with a 2F embolectomy catheter (Baxter Edwards Healthcare, Deerfield, Illinois, USA). Injured vessels were treated for 15 minutes with saline (n = 9) or adenoviral solution (Ad-gax 1 × 10 9 pfu, n = 9; or Ad-βgal 1 × 10 9 pfu, n = 9). Other vessels were not injured or treated with adenovirus to serve as a control. Some rats were sacrificed at 3 days with an intraperitoneal injection of pentobarbital (100 mg/kg). Vessels were harvested and snap frozen in liquid nitrogen. Frozen arteries were cut into 5-µm cross-sections. After fixation in 4% paraformaldehyde solution, sections were immunostained with anti-β 3 antibody (Santa Cruz Biotechnology Inc., Santa Cruz, California, USA), anti-β 5 antibody (Chemicon) or IgG (Santa Cruz). Antibody distribution over each cryosection was determined with a biotin streptavidin amplified detection system (Super Sensitive Immunodetection System; BioGenex Laboratories, San Ramon, California, USA). All immunostained sections were subjected to counterstain with hematoxylin and eosin to view nuclei. Some rats were also sacrificed 2 weeks after injury/gene delivery to assess neointima formation (n = 6 for each experimental condition). These vessels were fixed in 100% methanol and embedded in paraffin. Several 5-µm sections from each specimen were stained with hematoxylin and eosin and projected onto a digitizing board to quantify intimal, medial, and luminal areas using a computerized sketching program. This 
Figure 4
Transduction of gax inhibits VSMC migration to multiple growth factors. Effect of adenoviral overexpression of Gax on chemotaxis toward different VSMC growth factors. The migration experiment was performed using PDGF-BB, bFGF, and HGF/SF. The concentration used for each growth factor was previously determined to provide the optimal migratory response. *P < 0.01 versus Ad-βgal-transduced cells. Bars show mean ± SEM. Western blot analysis of integrin expression. Cultured VSMCs or frozen carotid arteries as already described here were homogenized in RIPA buffer (50 mM TrisHCl [pH 7.5]; 150 mM NaCl; 1% NP-40; 0.5% Nadeoxycholic acid; 0.1% SDS) containing 10 µg/mL leupeptin, 5 µg/mL aprotinin, and 2 mM PMSF. Protein concentration of each whole-cell extract was determined using a BCA assay (Pierce Chemical Co., Rockford, Illinois, USA). A total of 30 µg of each extract was separated by SDS-PAGE with a 7.5% polyacrylamide gel and transferred to 0.2-µm PVDF membrane (Bio-Rad Laboratories, Hercules, California, USA). Membranes were blocked in 10% nonfat dry milk, 0.2% Tween-20 in PBS (TPBS). Immunocomplexes were viewed by chemiluminescence using ECL reagent (Amersham Life Sciences, Arlington Heights, Illinois). Immunoblots were performed with mouse monoclonal anti-β3 antibody (clone F-11; Santa Cruz), rabbit polyclonal anti-β5 antibody (Chemicon), rabbit polyclonal anti-α1 antibody (Chemicon), mouse monoclonal anti-β1 antibody (clone HUTS-4; Chemicon), or anti-tubulin antibody (Sigma Chemical Co.). All antibodies were used at a 1:1,000 dilution at 4°C overnight. Blots were washed with TPBS and incubated with horseradish peroxidase-linked goat anti-rabbit antibody for 45 minutes.
Statistical analysis. Results were expressed as mean ± SEM. Statistical significance was evaluated using unpaired Student's t test for comparisons between 2 means, or ANOVA analysis followed by Scheffe's procedure for more than 2 means. A value of P < 0.05 was regarded as statistically significant.
Results

Adenoviral transduction of the gax homeobox gene inhibits directed VSMC migration.
To investigate the role of Gax in migration, a replication-defective adenovirus encoding the full-length rat gax cDNA downstream from the cytomegalovirus promoter was used to transduce Gax into rat VSMCs (14) . Migration experiments were initially conducted with PDGF-BB as chemotactic agent, because PDGF-BB is known to be a potent chemotactic growth factor for VSMCs (45) . Migration assays were performed using a modified Boyden chamber with rat VSMCs (Figure 1a) . Characteristic of most chemotactic factors (18, 46) , a bell-shaped doseresponse curve was observed over a wide range of concentrations with a maximal response at 10 ng/mL PDGF-BB (Figure 1b) . Rat VSMCs transduced with a control virus expressing β-galactosidase (Ad-βgal) displayed a similar chemotactic response toward PDGF-BB as untreated cells, whereas adenoviral overexpression of gax led to a marked decrease in cell motility ( Figure 1 ) at an moi of 300 (at PDGF-BB 10 ng/mL: 170 ± 12 untreated cells migrated per ×100 high-power field versus 152 ± 13 migrated Ad-βgal-infected cells, NS; and 24 ± 2 migrated Ad-gax-infected cells; P < 0.001 versus Ad-βgal-infected cells). The extent of inhibition correlated with the amount of virus applied, as shown in Figure 2 . There was a dose-dependent increase in gax inhibitory activity, which seemed to be saturating at 300 moi (93.9% inhibition versus Ad-βgal). Parallel experiments examining transgene expression from the Ad-βgal vector by X-gal staining revealed that 30 moi produced approximately 40% transduction efficiency,
Figure 5
Transduction of cell-cycle regulatory genes p21 and p16 does not inhibit VSMC migration. Effect of adenoviral overexpression of p16 (Ad-p16) or p21 CIP1 (Ad-p21) on chemotaxis of rat VSMCs toward PDGF-BB. Subconfluent rat VSMCs were transduced with Ad-βgal, Ad-p16, or Ad-p21 at an moi of 300 for 24 hours. The migration experiment was performed 12 hours after removal of virus, using PDGF-BB as chemoattractant. Bars show mean ± SEM. The differences between uninfected and Ad-βgal-, Ad-p16-, and Adp21-transduced cells are not statistically significant.
Figure 6
The cdk inhibitor p21 is essential for Gax-mediated inhibition of migration. Effect of adenoviral overexpression of Gax at different moi's (30, 100, 300) compared with Ad-βgal (moi 300) on the migratory response toward PDGF-BB (10 ng/mL) of wild-type 3T3 cells, p53 -/-MEFs, and p21 -/-MEFs, derived from homozygous disruption of the gene encoding p53 and p21, respectively. The experiment was done as described in whereas 300 moi led to a quantitative transduction of VSMCs. The dose of Ad-gax required to inhibit migration is well within the range used by others to transduce rat or human VSMCs efficiently (14, 47, 48) .
Because constitutive Gax expression can induce apoptosis in cells at 24-48 hours after mitogen stimulation (49), we also performed an MTS assay (40) to ensure that the antimigratory effect was not due to cell loss at these earlier time points. At the time point when the migration experiments were performed (5 hours) and also at 12 hours, MTS assays showed no detectable decrease in cell viability at 300 moi (not shown). These data indicate a specific antimigratory effect of gax, rather than an apoptotic effect resulting from the sustained expression of this transgene or viral toxicity.
Adhesion to coated polycarbonate membranes is a prerequisite for migration in this assay. Thus, the extent of rat VSMCs adhesion to 96-well plates coated with the same mixture of adhesive ligands used for the migration assay was determined for transduced and nontransduced cells. The concentrations of ECM proteins were chosen as described previously (19, 31, (42) (43) (44) . Under these conditions, the number of Adβgal-treated (95.3 ± 3.1%) and Ad-gax-treated cells (97.1 ± 4.4%) adhering to the wells did not differ significantly from uninfected control cells (data not shown). Therefore, an alteration in adhesion to ECM was not responsible for the attenuated cell migration caused by gax overexpression.
Radioligand binding experiments with 125 I-labeled PDGF were performed to test whether the reduced migratory response of Ad-gax-transduced VSMCs toward PDGF-BB is due to a downregulation of PDGFreceptor expression (43) . Figure 3 shows the binding curves of Ad-βgal-and Ad-gax-transduced VSMCs. Scatchard plot of both binding curves indicates a single high-affinity PDGF-BB binding site in both cases (Figure 3, inset) . Comparison of Ad-βgal-to Ad-gax-transduced cells by Scatchard analysis revealed no statistically significant difference of either PDGF-receptor affinity (K D 108 ± 10 pM for Ad-βgal versus 115 ± 11 pM for Ad-gax; NS) or total receptor number per well (B max 15.7 pM for Ad-βgal pM versus 16.5 pM for Ad-gax).
Migration to other known VSMC chemotactic growth factors was evaluated to determine if the antimigratory effect of Ad-gax overexpression is restricted to PDGF-BB-mediated chemotaxis. Concentrations of bFGF (bFGF = FGF-2) and HGF/SF were chosen to provide an optimal migratory response; the maximal chemotactic effect for both growth factors was lower than that obtained for PDGF-BB (Figure 4 ), in agreement with the results of others (20) . Transduction with Ad-gax at an moi of 300 resulted in nearly complete inhibition of directed VSMC migration independent of the chemotactic agent used, whereas transduction with Ad-βgal had no effect (Figure 4) .
Overexpression of p21 or p16 is not sufficient to reduce VSMC motility, but Gax-induced inhibition of migration requires cell-cycle block. p21 serves as a negative regulator of cell-cycle progression by inhibiting cyclindependent kinase activity through binding to cyclincdk complexes (50) . Previous experiments have shown that Ad-gax induced cell-cycle arrest in wild-type fibroblasts, but no growth inhibition was found in a p21 -/-fibroblast cell line, suggesting that inhibition of cell growth by gax depends on its ability to upregulate p21 expression (14) . To explore the relationship between the antiproliferative and antimigratory activities of Gax, the effect of adenoviral overexpression of p21 (Ad-p21) on the migration of rat VSMCs was analyzed. Moreover, to investigate the effect of the second cdk-inhibitor family (INK4s), which bind to cyclin Dcdk4/6 (51, 52), on cell migration, we overexpressed a member of this family, p16, as an alternative way to induce cell-cycle arrest in VSMCs. Transduction of VSMCs with Ad-p21 or Ad-p16 at 300 moi did not result in statistically significant attenuation of directed cell migration toward different concentrations of PDGF-BB ( Figure 5 ). These data show that overexpression of negative regulators of cell cycle activity is not sufficient to influence VSMC motility.
The ability of Gax overexpression to inhibit cell migration was also examined in NIH⋅3T3 fibroblasts and in MEFs defective for either p53 (p53 -/-MEFs) or p21 (p21 -/-MEFs). It is well established that p53 can induce growth arrest by transactivating p21 expression (53) . In 3T3 fibroblasts and p53 -/-MEFs, adenoviral overexpression of Gax led to a dose-dependent inhibition of directed migration toward PDGF-BB compared with βgal control virus, in a manner similar to that observed with VSMCs (at moi 100: in 3T3 cells 55 ± 6.7%, in p53 -/-cells 78 ± 12% inhibition of migration versus Ad-βgal; P < 0.01) (Figure 6) . Surprisingly, gax transduction in p21 -/-cells had no significant effect on cellular motility, even at high moi's (moi 300: 10.1 ± 3.4% inhibition versus Ad-βgal; P = NS). Collectively, these data suggest that p21 is essential for the antimi-
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The gratory effects of Gax but that overexpression of p21 is not sufficient to alter motility. To demonstrate that the inability of gax to inhibit migration in p21 -/-cells was due to a specific lack of p21, leading to an inability to induce cell-cycle arrest, we tested whether the gax-mediated antimigratory effect could be rescued by reconstitution of p21 -/-cells with p21, or, alternatively, with p16. As shown in Figure 7 , sole replacement of p21 by Adeno-p21 transduction, or forced expression of p16 by Adeno-p16 (data not shown), did not result in any significant inhibition of directed migration, which was comparable to the lack of any effect by Ad-gax in these p21 -/-cells at any moi examined. However, concomitant transduction with Ad-p21 and Ad-gax resulted in an inhibition of directed cell migration that depended on the dose of Ad-gax (at moi 100: 29 ± 5.0% migration for Ad-gax + Ad-p21 versus 96 ± 4.3% Ad-βgal; P < 0.01; Figure 7) . Alternatively, concomitant transduction with Ad-p16 and Ad-gax significantly reduced migration of these p21 -/-cells in a comparable manner (41 ± 10% for Ad-gax+Ad-p16 versus 93 ± 7.7% Ad-βgal; P < 0.01; Figure 7 , right bars). Thus, the ability of Ad-gax to inhibit p21 -/-cell migration after reconstitution with either exogenous p21 or p16, to induce cell-cycle block, was similar to that seen in quiescent VSMCs and NIH⋅3T3 fibroblasts.
It was reported previously that plating of smooth muscle cells on polymerized in contrast to monomer collagen induces cell-cycle arrest mainly through induction of p27, a member of the cip/kip family of cdk-inhibitors (36) . We therefore plated p21 -/-cells on polymerized collagen for 48 hours to inhibit cell-cycle progression or on monomer collagen, before transduction with Ad-gax or Ad-βGal at 100 moi for further 24 hours and analysis of cell migration toward 10 ng/mL PDGF-BB. In p21 -/-cells plated on monomerized collagen ("proliferative state" according to Koyama et al. [36] ), there was no statistically significant antimigratory effect of Ad-gax versus Ad-βgal (211 ± 24 versus 249 ± 29 migrated cells; NS; data not shown). In contrast, in p21 -/-cells plated on polymerized collagen (G1 arrest by upregulation of p27 [ref. 36] ), Ad-gax exhibited a significant antimigratory activity compared with Ad-βgal (188 ± 18 versus 89 ± 22 migrated cells; P < 0.05; data not shown). This experiment provides additional evidence that gax-induced inhibition of cell migration depends on cell-cycle arrest.
Overexpression of gax gene alters integrin expression. In VSMCs, integrins of the β 1 (31, 54, 55) as well as the β 3 family (55, 56) have been noted to be involved in pro- moting migration. Recently, it has also been shown that the vitronectin receptor α v β 3 is required for VSMC motility (57) . We therefore analyzed the cell-surface expression of the integrins α 1 , β 1 , α v β 3 , and α v β 5 by FACS after transduction with Ad-βgal or Ad-gax at 300 moi in VSMCs. Although mAb's LM609 and P1F6 are not suitable for immunohistochemical detection of αvβ3 and αvβ5 in rodent tissues, FACS analyses with these reagents produced well-defined peaks with high mean fluorescence intensities in rat VSMCs as well as human umbilical vein endothelial cells (HUVECs) (Figure 8a ). As shown in Figure 8b , α 1 and β 1 integrin content on VSMCs was unaffected by gax overexpression, whereas expression of the vitronectin receptors α v β 3 and α v β 5 were significantly reduced compared with Ad-βgal (mean fluorescence 190 ± 18 versus 94.7 ± 12 and 145 ± 21 versus 76.2 ± 14 respectively; P < 0.01). Similarly, Ad-gax decreased αvβ3 and αvβ5 expression on HUVECs (data not shown). Western blot analysis of whole cell extracts of rat or human VSMCs revealed that the β 3 and β 5 integrin subunit content was decreased in Ad-gax-infected cells, whereas α v subunit expression was unaffected ( Figure 9 ).
Also consistent with the results of the FACS analyses (Figure 8) , infection with Ad-gax had no effect on β 1 or α 1 integrin subunit expression (Figure 9 ), indicating the specificity of Gax action.
Treatment with Ad-gax decreases injury-induced intimal hyperplasia (14, 58, 59) . Therefore, we evaluated the effects of Ad-gax infection on β 3 and β 5 integrin expression in balloon-injured rat carotid arteries. Acute balloon injury led to an upregulation of both β 3 and β 5 subunits in medial VSMCs at 3 days after injury (Figure 10) , consistent with previous reports (60, 61) . Similar to its expression pattern in injured baboon brachial arches (60), β 3 expression was notable on the luminal surface of the injured vessel, whereas β 5 expression was more uniform throughout the media at 3 days after injury (Figure 10a ). Infection with Ad-gax at the time of injury markedly decreased β 3 and β 5 expression at 3 days as determined by immunohistochemistry ( Figure  10a ) and by quantitative immunoblot analysis of these tissues (Figure 10b) . At 2 weeks after injury, local delivery of Ad-gax inhibited neointima formation under these experimental conditions (Figure 10c ).
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Figure 9
Gax specifically downregulates expression of β 3 and β 5 integrin subunits in rat and human VSMCs. Cultured VSMCs (rat: left panels; human: right panels) were infected with adenovirus at an moi of 300 (Ad-gax: Gax; Ad-βgal: β-gal) or uninfected (mock) in low-serum media (0.5% FBS) for 12 hours. After infection, cell were incubated with 10% FBS-containing media for 24 hours as described in Methods. Whole-cell extracts (30 µg protein) were prepared from the cultures and subjected to SDS-PAGE on 7.5% polyacrylamide gels.
Immunoblot analysis was performed for each indicated integrin subtype (β 3 , β 5 , β 1 , α 1 ) or tubulin as a control, and immunoreactive bands were viewed by chemiluminescence. Taken together, these results suggest that the downregulation of the vitronectin receptors α v β 3 and α v β 5 by Gax overexpression might be the cause for reduced cell motility on ECM containing vitronectin. To determine whether Gax-regulated integrin expression is linked to cell-cycle activity in the same manner as Gax-regulated migration, we tested integrin surface expression on p21 -/-MEFs depending on the presence of different cell-cycle regulators. Although sole overexpression of p16, p21, or Gax had no effect on the expression of α v β 3 or α v β 5 on p21 -/-MEFs, the combination of Ad-gax with adenoviral cell-cycle inhibitor p16 or, alternatively, by phenotype rescue with Ad-p21 significantly downregulated surface expression of these 2 integrin heterodimers (α v β 3 : mean fluorescence 42 ± 11 for Ad-gax + Ad-p16 and 27 ± 9 for Ad-gax + Ad-p21 versus 119 ± 9 for Ad-βgal; P < 0.01 each; α v β 5 : 44 ± 9 and 31 ± 8 versus 96 ± 11, respectively; P < 0.01; Figure 11, a and b) . Expression of α 1 (data not shown) and β 1 integrin (Figure 11b , left bars) did not change for all conditions tested. Taken together, Gax-mediated downregulation of α v β 3 and α v β 5 was observed only under conditions of cell-cycle arrest, a pattern of regulation that was identical to the observed effects of Gax on cell migration.
Discussion
Gax is a member of the growth-arrest specific (gas) (62) and growth arrest and DNA damage-inducible (gadd) (63) families of genes. Like gax, these genes are expressed at their highest levels in quiescent cells and are downregulated after mitogen activation. Recently, it was demonstrated that recombinant Gax homeodomain protein inhibits cell growth by microinjection of recombinant Gax protein or by gax expression from plasmid or replication-defective adenovirus vectors (14) . In addition to their involvement in proliferation and differentiation, homeobox transcription factors are also known to affect cell migration. It has been shown that the homeobox genes goosecoid in Xenopus (1) and the HOM-C gene mab-5 in Caenorhabditis elegans (2) not only direct region-specific patterns of cell division and differentiation, but can also act upon migrating cells to induce region-specific migratory behavior during development through unknown mechanisms. The study presented here provides direct evidence that the Gax homeobox transcription factor can inhibit migration through a cell cycle-dependent mechanism that is associated with the downregulation of the integrins α v β 3 and α v β 5 . The observed reduction of migratory behavior depended on the dose of the adenoviral construct expressing Gax, but it was not due to nonspecific viral toxicity nor did it depend on a particular growth factor-receptor interaction.
Previous work has shown that the cdk inhibitor p21 CIP1 mediates the growth inhibitory actions of Gax (14) . Gax overexpression does not have a growth inhibitory effect in cells derived from p21-knockout mice, suggesting that the upregulation of this cdk inhibitor can largely account for the antiproliferative actions of Gax. In this study, overexpression of p21 alone did not alter directed migration of VSMCs. This result suggests that signaling pathways leading to cell
Figure 11
The cdk inhibitor p21 is essential for Gax-mediated downregulation of integrin expression, and reconstitution of p21 -/-cells with p21, or overexpression of p16, will restore the ability of Gax to suppress integrin expression. (a) Flow cytometric analysis of α v β 3 integrin expression in p21 -/-MEFs after transduction with Ad-βgal, Ad-p21, Ad-gax or a combination of Ad-gax and Ad-p21 at an moi of 300. The experiment was done as described in Figure 8 . (b) Integrin β 1 , α v β 3 , and α v β 5 expression in p21 -/-cells after transduction with either Ad-βgal, Ad-p21, Ad-p16 or Ad-gax alone, or Ad-gax in combination with Ad-p21 or Ad-p16. Cells were transduced at an moi of 300 for 24 hours followed by addition of fresh medium for further 12 hours. Bars show mean ± SEM from 3 experiments. *P < 0.01 versus Ad-βgal-transduced cells.
migration are distinct from those of proliferation. Consistent with this hypothesis, it has been shown that although both PDGF-BB and IGF-1 are chemotactic for VSMCs, IGF-1 has a low mitogenic potency in human arterial smooth muscle cells (64) . Moreover, studies with labeled VSMCs in an injured rat carotid artery indicate that a fraction of the cells migrate into the intima without proliferating (65) , further supporting the contention that SMC proliferation and migration are separable phenomena. However, previous studies have demonstrated an outside-in link between integrin engagement and the cdk inhibitor p21 (66) , providing evidence for cross-talk between regulatory pathways that control cell migration and growth.
Here, evidence is provided for overlapping regulatory mechanisms in the transcriptional control of VSMC proliferation and migration. It is shown that Gax was unable to suppress the chemotactic response of cells toward PDGF when these cells contained a homozygous disruption of the gene encoding p21 (p21 -/-cells), whereas lack of p53, an upstream regulator or p21, did not alter migratory behavior of cells with an isogenic background. Adenovirus-mediated reconstitution of p21 rescued the defect in p21 -/-cells, and Gax overexpression was able to block PDGF-induced chemotaxis. The rescuing effect of p21 could be replaced by overexpression of p16, a member of the INK4 cdk-inhibitor family, or, alternatively, by plating cells on polymerized collagen, which induces cell-cycle arrest by the upregulation of p27 (36) . Although neither p21 nor p16 is sufficient to inhibit migration by itself, cell-cycle arrest by one of these negative cell-cycle regulators is essential for Gax-induced inhibition of migration. Collectively, these data suggest that overlapping regulatory mechanisms can coordinate VSMC proliferation and migration at the transcriptional level.
It has been proposed that homeobox transcription factors control pattern formation during embryogenesis partly through their ability to regulate the expression of extracellular membrane proteins that mediate cell-matrix interactions and cell movement (67) . Potential targets of gax action that might influence migration include integrins, key regulators of adhesion and cell motility that are believed to be of importance in intimal lesion formation upon vascular injury (68) (69) (70) (71) . Adhesion to and migration on ECM proteins are mediated by different integrin heterodimers. To date, several β 1 (27) (28) (29) (30) (31) 54) and β 3 (55, 56, 60, 61) integrins have been identified on smooth muscle cells. Although integrins of the β 1 family appear to be the dominant integrins responsible for VSMC adhesion to the ECM (27, 56) , and also appear to be involved in VSMC migration (20, 31, 55) , migration of VSMCs has been noted to depend on β 3 integrins (55, 56) . In particular, the vitronectin receptor (VNR) α v β 3 appears to be required for SMC motility (57) . During wound healing response, migrating cells exhibit enhanced expression of VNR integrins, including α v β 3 (71) (72) (73) . Our finding that α v β 3 is downregulated after gax transduction could account for the observed reduction in cell motility on an ECM substrate containing vitronectin. In addition, we show that the other known VNR, α v β 5 , is expressed on rat VSMCs and downregulated by gax transduction, although its role in VSMC motility has not been clearly defined yet. Western immunoblot analyses revealed that VNR downregulation by Gax was mediated by the specific repression of β 3 and β 5 subunits, whereas α v , α 1 , and β 1 expression were not affected by Gax. The observed attenuation of SMC migration by gax was not due to an inhibition of cellular adhesion. This could be explained by the fact that expression of β 1 integrin, which is able to bind multiple adhesive ligands including type I collagen (26) , was unchanged. Consistent with our observations, it has been demonstrated that blocking α v β 3 function with the monoclonal anti-α v β 3 antibody LM609 does not alter VSMC attachment, but it does significantly reduce cellular migration on vitronectin-(57) or fibronectin-coated (74) membranes.
Our findings also show that cdk inhibitors are essential for Gax-mediated alterations in integrin expression. Gax was found to have no effect on α v β 3 or α v β 5 expression in p21 -/-cells unless the defect was rescued by p21 or p16 gene transfer. Therefore, the observation that cdk inhibitors are also essential for the inhibition of migration resulting from Gax overexpression provides compelling evidence that Gax-induced inhibition of migration is due to a cell cycle-dependent alteration in integrin expression. As integrins are also recognized as key regulators of cell viability and proliferation (75) , these data also suggest that the pleiotropic activities of Gax overexpression on growth and survival (14, 49, 59 ) may be mediated, at least in part, through its ability to interfere with integrin-regulated signaling pathways within vascular cells.
We have previously shown that gax is downregulated in the rat carotid artery in response to balloon injury (6, 9) , which provides a proliferative signal to VSMCs (76) , and that adenoviral overexpression of gax reduces neointima formation in rat carotid (14, 59 ) and rabbit iliac (58) models of balloon angioplasty. Because migration of VSMCs from the medial to the luminal side of the vessel is regarded as a key event in restenosis after balloon angioplasty (16) , the antimigratory properties of Gax on VSMCs may contribute to the observed reduction in neointima formation. Consistent with this hypothesis, reductions in β 3 and β 5 integrin expression were observed after gax gene transfer to injured arterial vessels under conditions that inhibit neointima formation. Furthermore, α v β 3 appears to have a role in VSMC migration and neointima formation after endothelial denudation (61, 68, 69, 77, 78) , and our finding that Gax downregulates α v β 3 integrin expression in VSMCs fits well into this paradigm. Therefore, the integrin-regulatory activities of gax suggest that transduction of this gene represents a promising molecular tool for dissecting the regulatory pathways that control the behavior of VSMCs in proliferative lesions of the vessel wall.
